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 CHAPTER 7-7 
WATER RELATIONS: 
BIOCHEMICAL ADAPTATIONS TO DRYING  
 
Figure 1.  Grimmia affinis drying on a rock.  Photo by Michael Lüth, with permission. 
 The biochemistry of bryophytes is still a relatively 
young field.  This is true of the biochemical level of 
response of bryophytes to desiccation stress.  This chapter 
will attempt to portray what we know and how that 
biochemistry relates to the habitats of the bryophytes.  But 
at this early stage in our studies, few species have been 
studied in detail, leaving much of the discussion 
incomplete or even somewhat ambiguous. 
Membrane Chemistry 
Since membrane damage is a common response to 
desiccation stress, Guschina et al. (2002) examined lipid 
composition of membranes in Atrichum androgynum 
(Figure 19) during desiccation in an effort to understand 
the role of the stress hormone ABA.  Drought stress causes 
changes in the phosphoglyceride composition of the 
membranes.  Reduction of thylakoid lipids, resulting in 
chlorophyll damage, causes a loss in photosynthesis as a 
result of desiccation, as already demonstrated in 
tracheophytes.  Guschina et al. found that application of 
ABA reduced the extent of these membrane lipid changes. 
Some plants may take advantage of the leakage 
through damaged membranes to rid cells of protectants 
used during dehydration.  Working with canopy liverworts 
in the tropical rainforest of Guadeloupe, Coxson and 
coworkers (1992) found that for Frullania atrata, 
exposure to simulated wetting/drying resulted in 
production of substantial glucose, erythritol, glycerol, and 
sucrose.  They suggest that whereas these sugars may help 
this liverwort survive severe desiccation, the liverwort 
subsequently releases them into throughfall upon 
rewetting. 
Robinson et al. (2000) suggest that sugars may indeed 
help some mosses survive desiccation.  They found 
stachyose, an oligosaccharide known for its role in 
desiccation tolerance of seeds, in Bryum 
pseudotriquetrum (Figure 2), but not in Ceratodon 
purpureus (Figure 3; most tolerant) or Schistidium 
antarctici (Figure 4; least tolerant).  This is another 
example showing that not all bryophytes have the same 
adaptations to desiccation. 
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Figure 2.  Bryum pseudotriquetrum, a moss in which the 
sugar stachyose aids in desiccation tolerance.  Photo by Janice 
Glime 
 
 
Figure 3.  Ceratodon purpureus, a moss that does not use 
stachyose to aid in desiccation tolerance.  Photo by Janice Glime. 
 
Figure 4.  Drought-intolerant Schistidium antarctici on 
Macquarie Island.  Photo by Rod Seppelt, with permission. 
ABA Role 
The stress hormone ABA (abscisic acid) is present in 
many groups of organisms, including animals and bacteria 
as well as plants (Hartung 2010; Takezawa et al. 2011).  
This ability to protect against abiotic stress may have been 
one of the most critical attributes permitting plants to move 
to land.   
Using immunoassay, Hartung and coworkers (1987, 
1994) demonstrated the presence of ABA in all Bryopsida, 
Anthocerotophyta, and Marchantiopsida tested.  They 
were able to extract more ABA from the hornwort 
Phaeoceros grown under slightly drier areas than from 
those in wetter areas.  Furthermore, they have shown that 
the sporophyte of Phaeoceros laevis (Figure 5) produces 
ABA in response to stress and that the sporophyte guard 
cells close in response to ABA, much as in tracheophytes.  
This is in sharp contrast to the findings of Duckett and 
Ligrone (2004).  They were unable to find any response to 
ABA or to moisture changes in the stomata of Phaeoceros. 
 
 
Figure 5.  Phaeoceros laevis sporophytes, a hornwort with 
stomata in the capsule.  Photo by Robert Klips, with permission. 
In bryophytes, this hormone occurs in Physcomitrella 
patens (Figure 6) where it has a major role in dehydration 
stress tolerance (Takezawa et al. 2011).  To determine the 
genetic response of bryophytes to water stress, Cuming et 
al. (2007) used the lab moss Physcomitrella patens.  These 
plants were subjected to ABA as well as osmotic, salt, and 
drought stress.  The response of the protonema differed 
from that of the gametophore, with 130 genes in the 
protonema responding to dehydration.  Of these, 56 were 
induced by ABA, but only 10 genes by osmotic stress and 
8 by salt stress.  Another 51 genes were induced by more 
than one of these treatments.  Many of the ABA and 
drought-responsive genes were homologues of those 
expressed during seed development, supporting the 
assertions of Fisher (2008) discussed in Chapter 7-5.  As 
seen by Wang et al. (2009) during dehydration, many of 
the ABA- and drought-responsive genes include genes for 
LEA proteins. 
 
 
Figure 6.  Physcomitrella patens, a moss in which ABA 
increases stress tolerance.  Photo by Michael Lüth, with 
permission. 
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Werner et al. (1991) found that even protonemata 
produce ABA in response to slow drying, as shown in 
Funaria hygrometrica, and as in mature plants, it imparts 
drought tolerance.  But it does not inhibit water loss.  
Rather, it appears to induce synthesis of new proteins that 
impart drought tolerance. 
In Cyanobacteria and algae, the few studies on stress-
induced ABA production indicate that the excess is 
released to the external medium (Hartung 2010).  Taking 
an evolutionary approach, Hartung demonstrated that 
organisms that start to colonize terrestrial habitats increase 
their ABA production in response to even mild drought 
stress.  Such signals seem to initiate the production of 
terrestrial organs, perhaps explaining the change from 
aquatic to terrestrial forms of Riccia fluitans (Figure 7; see 
below).  In bryophytes, stomata respond to ABA.  The 
levels of ABA in sporophytes of hornworts and mosses 
that have stomata is especially high, although the 
regulatory role of the ABA seems ambiguous.  Fungi 
release ABA, and these hormones may interact with the 
bryophytes through mycorrhizal associations or just 
through their presence in the environment. 
 
  
 
Figure 7.  Riccia fluitans, exposed here to air drying.  ABA 
can facilitate conversion to the wider terrestrial form.  Photo by 
Jan-Peter Frahm, with permission. 
  
One of the unusual abilities of ABA is to cause the 
conversion of the aquatic forms of the thallose liverworts 
Riccia fluitans (Figure 7) and Ricciocarpos natans (Figure 
8) into their terrestrial forms (Hellwege et al. 1992; 
Hartung et al. 1994).  This conversion results in plants with 
greater volume, hence a smaller surface area to volume 
ratio, making them somewhat less vulnerable to 
desiccation.   
Liverworts use lunularic acid where other plants use 
ABA as a dormancy hormone and, apparently, to help 
prepare them for drying, as shown in Lunularia cruciata 
(Figure 9) (Schwabe 1990).  When subjected to long days, 
their drought resistance increases (Figure 10), as does their 
lunularic acid content. 
 
Figure 8.  Ricciocarpos natans, stranded here out of water.  
ABA can facilitate conversion to the terrestrial form.  Photo by 
Janice Glime. 
 
 
Figure 9.  Lunularia cruciata, a thallose liverwort that 
produces the ABA-like lunularic acid as a dormancy hormone.  
Photo by Michael Lüth, with permission. 
 
 
Figure 10.  Effect of long-day (continuous) light on 
induction of drought resistance, resulting in drought survival in 
the thallose liverwort Lunularia cruciata.  Based on Schwabe 
(1990). 
Although the presence of lunularic acid seems to be 
universal in liverworts, and has functions like those of 
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ABA, liverworts seem to be fully responsive to ABA.  
Pence (1998) found that ABA was necessary for the 
cryopreservation of some liverworts such as Riccia 
fluitans (Figure 7) and Marchantia polymorpha (Figure 
21), preventing desiccation damage, but it had little effect 
on the leafy liverwort Plagiochila (Figure 11).   
Burch and Wilkinson (2002) used ABA and sucrose to 
increase the success of cryopreservation of the moss 
Ditrichum cornubicum (Figure 12) protonemata.  We also 
know that application of ABA increases the desiccation 
tolerance of the mesophytic moss Atrichum undulatum 
(Figure 13) (Beckett et al. 2000).  Using Atrichum 
androgynum (Figure 19), Guschina et al. (2002) 
demonstrated phosphoglyceride composition changes 
during water stress.  ABA treatment reduces the overall 
extent of these changes, possibly by reducing membrane 
damage by reducing the lipid changes.     
 
 
Figure 11.  Plagiochila asplenioides near a stream in Wales.  
Photo by Janice Glime. 
 
 
Figure 12.  Ditrichum cornubicum, a moss that survives 
cryopreservation with the help of ABA and sucrose.  Photo by 
David T. Holyoak, with permission. 
The Afromontane understory moss Atrichum 
androgynum (Figure 19) recovers its CO2 fixation more slowly than recovery of photosystem II activity following 
16 hours of desiccation, then rehydration (Mayaba et al. 
2001).  Pretreatment with ABA increases the recovery rate 
of both of these activities and doubles the non-
photochemical quenching, hence reducing reactive oxygen 
species.  Mayaba and coworkers suggest that this may 
partly explain the desiccation hardening process in this 
species.  Plants pretreated with ABA, unlike untreated 
plants, experience a significant increase in soluble sugars 
that could promote the vitrification (transformation into a 
glassy substance) of the cytoplasm.  This could, in turn, 
protect the membranes during desiccation.  ABA has only 
a slight effect on the starch concentrations during 
desiccation.  ABA furthermore has no effect on 
chlorophyll breakdown. 
 
 
 
Figure 13.  Atrichum undulatum showing some plants 
drying and curling.  This moss changes its phosphoglyceride 
composition during drought stress.  Photo by Janice Glime. 
But how does this relate to preventing the oxidative 
damage?  Beckett and coworkers (2000) suggested that 
ABA pretreatment may act by reducing the energy transfer 
between light-harvesting chlorophyll II and photosystem 
II.  This could harden the moss to desiccation stress by 
reducing the production of reactive oxygen at the site of 
photosystem II.  Experiments indicated that photosystem II 
photosynthesis recovers faster in the pre-treated plants. 
ABA may play another role as well.  One of the most 
serious consequences of desiccation is loss of membrane 
integrity, causing membranes to become leaky (Bewley 
1979).  Beckett (1999) found that application of ABA 
could reduce the loss of K+ from Atrichum androgynum 
(Figure 19) in much the same manner as partial 
dehydration treatment prior to desiccation.  The response is 
similar to that obtained by reducing the relative water 
content to 0.6 for three days, which reduces the K+ loss by 
15-20%.  This seems to be the ideal combination because 
using less humid air or more time does not decrease the K+ 
loss further.  This species, and probably most, experiences 
drought hardening (process of increasing resistance to 
drought; see Chapter 7-5) as the dry season progresses, as 
indicated by the loss of 80% of its intracellular K+ at the 
beginning of the dry season, but less than 25% by the end 
of that season (Beckett & Hoddinott 1997). 
Abscisic acid (ABA) has already been noted to have 
an important role in desiccation tolerance.  Werner et al. 
(1991) found that slowly dried protonemata of Funaria 
hygrometrica survived desiccation, but rapidly ones did 
not.  The slowly dried mosses experienced a six-fold 
increase in abscisic acid during drying.  If ABA is added to 
the protonemata at an appropriate concentration, the ABA 
mediates drought tolerance, apparently by inducing the 
synthesis of new proteins.   
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Sucrose 
De Cruz et al. (2014, 2015) found that desiccated cells 
of the aquatic moss Fontinalis antipyretica lose 50% of 
their sucrose through leakage when the cells are 
rehydrated.  Fast dehydration results in higher sucrose 
accumulation, but it is not enough to induce desiccation 
tolerance.  The increase in soluble sugars helps in 
osmoregulation during the decreasing turgor pressure of 
the cells.  In addition to serving as an osmolyte, sucrose in 
bryophytes helps to stabilize membranes and proteins 
through vitrification (process of forming glasslike 
substances).  In Fontinalis antipyretica desiccation 
tolerance requires slow dehydration, suggesting that high 
sucrose content does not act alone to create desiccation 
tolerance. 
Protection from Oxidation 
Just what is it that varies among the bryophytes that 
dry out, become metabolically inactive, and then revive?  
What physiological mechanism protects, or fails to protect 
them?  How can photosynthesis achieve its maximum rate 
within 30 seconds upon receiving rain or dew in some 
desiccated species (Anderson 1980)?  Proctor (1990) and 
Alpert (2000) suggest that in drought-hardening the cell 
must protect itself from oxidative damage, as well as loss 
of configuration of macromolecules, and this protection 
depends on the intensity and duration of desiccation.  
Minibayeva and Beckett (2001) noted that drought-
sensitive bryophytes can release an oxidative burst 
(respiratory burst; rapid release of reactive oxygen species 
– superoxide radical and hydrogen peroxide) in response to 
rehydration.  These bursts developed best in the hornwort 
and two thalloid liverworts tested (Minibayeva & Beckett 
2001).  A similar oxygen burst is, however, almost absent 
in all the mosses tested as well as a leafy liverwort and 
desiccation-tolerant lichens.   
Oxidative Damage 
Kramer et al. (2002) examined the "resurrection 
plants" – those plants that can survive desiccation – to 
determine what permits them to survive.  They found that 
in a woody plant desiccation can trigger increases in 
zeaxanthin and redox shifts of the antioxidants glutathione 
and ascorbate to their oxidized forms.  New ascorbate and 
glutathione were produced upon rehydration and the 
oxidized forms from the dehydration event changed back 
to reduced forms.  Using lichens, Kramer et al. (2008) 
further demonstrated that reactive oxygen species can 
damage nearly every molecule in living cells.  These 
included nucleic acids, proteins, and lipids. 
The absence of oxidative bursts in mosses lends 
support to the hypothesis that mosses protect themselves 
from the damage such highly reactive oxidative bursts can 
cause during rehydration.  Shiono et al. (2000) found that 
in testing the liverwort Marchantia paleacea subsp. 
diptera (Figure 15), the moss Barbula unguiculata (Figure 
16), and the hornwort Anthoceros punctatus (Figure 17), 
the liverwort differed from the other two in its isozyme 
patterns for superoxide dismutase.  This enzyme is known 
for its ability to maintain safe levels of the highly reactive 
oxides that are produced during cell stress, including 
effects of desiccation. 
 
Figure 14.  Physcomitrella patens, a species that exhibits 
oxidative bursts in response to a fungal presence.  Photo by 
Michael Lüth, with permission. 
 Minibayeva and Beckett (2001) conclude that patterns 
of oxide production are correlated with the moisture status 
of the habitat.  Those species with high basal rates of oxide 
production grow in moist microhabitats, have a moderately 
high thallus water content, have high K+ contents, and have 
well developed oxidative bursts.  Species with such 
oxidative bursts also lose a high proportion of their 
intracellular K+ (55-98% in liverworts and hornworts) upon 
rehydration.  Mosses and the one leafy liverwort were all 
collected from wet habitats and all produced oxides at low 
rates compared to the thallose liverworts and hornworts.   
  
 
Figure 15.  Marchantia palacea subsp. diptera from Japan.  
Photo by Janice Glime. 
The aquatic moss Fontinalis antipyretica (Figure 18) 
exhibits the potential danger of high oxygen levels.  De 
Carvalho et al. (2012) demonstrated that under slow 
dehydration, this species exhibits low production of 
reactive oxygen species upon rehydration, a phenomenon 
that reduces the cellular damage and increases cell 
survival.  The slow drying apparently reduces the oxidative 
burst by limiting production of reactive oxygen species. 
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Figure 16.  Barbula unguiculata dry, retaining its green 
color that permits it to respond quickly to rehydration.  Photo 
from Dale A. Zimmerman Herbarium, Western New Mexico 
University, with permission. 
 
 
Figure 17.  Anthoceros punctatus, a hornwort having 
similar isozyme patterns to those of the moss Barbula 
unguiculata.  Photo by Jonathan Sleath, with permission. 
 
 
Figure 18.  Fontinalis antipyretica in dry stream.  Photo by 
Janice Glime. 
But some bryophytes produce high quantities of 
oxides even when they are not stressed, and some 
bryophytes produce them at extremely high rates.  For 
example, Anthoceros natalensis exceeds 1000  µmol g-1 
dry  mass  h-1, whereas excised tracheophyte roots produce 
only about 1% of that amount (Minibayeva et al. 1998).  
These data do not present a consistent pattern that permits 
us to interpret the role of oxidative bursts or superoxide 
dismutase in protecting bryophyte cells that undergo 
desiccation.  Instead, the high oxidative responses in some 
species may be one to the presence of invading pathogens 
(see below). 
Mayaba et al. (2002) later found that Atrichum 
androgynum (Figure 19) from the Afromontane understory 
displays an oxidative burst of hydrogen peroxide (H2O2), not superoxides, during rehydration, with maximum rates 
during the first 15 minutes (Figure 20).  The moss even 
produces peroxide during times when dehydration is 
insufficient to cause K+ leakage.  Using polyethylene 
glycol to induce desiccation causes the moss to produce 
significant amounts of H2O2.  Mayaba and coworkers suggest that peroxidases might be responsible for the 
production of H2O2.  They determined that ABA and light influenced the rate of production of peroxide.  
 
 
Figure 19.  Atrichum androgynum, a moss with an 
oxidative burst, especially during the first 15 minutes of 
rehydration.  Photo by Clive Shirley, Hidden Forest 
<www.hiddenforest.co.nz>, with permission. 
 
Figure 20.  Peroxide (H2O2) production during rehydration following various dehydration periods (indicated on each line) in 
Atrichum androgynum from KwaZulu-Natal Province, Republic 
of South Africa, during summer.  Vertical bars indicate standard 
deviation; n=5.  Redrawn from Mayaba et al. (2002). 
This peroxidase system would have several 
advantages.  Peroxidases oxidize phenolics to quinones and 
generate peroxide (H2O2).  Peroxide, a well-known antibacterial agent for cleaning cuts and wounds, can itself 
help to kill invading organisms.  Furthermore, peroxide 
releases free radicals that increase polymerization of 
phenolics into lignin-like substances.  In tracheophytes, 
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these substances are known to reinforce the cell wall and 
contain the pathogens.  They may have similar roles in 
bryophytes.   
The thallose liverwort Marchantia polymorpha 
(Figure 21) contains a peroxidase that has been 
characterized as a glycoprotein that is different from any 
known tracheophyte peroxidase (Hirata et al. 2000).  
Hirata and coworkers demonstrated that this peroxidase is 
able to perform oxidative polymerization of lunularin, the 
liverwort counterpart of ABA. 
 
 
Figure 21.  Marchantia polymorpha, a thallose liverwort 
that produces a peroxidase with a glycoprotein that differs from 
those in tracheophytes.  Photo by David T. Holyoak, with 
permission. 
Other known constituents also influence the activity of 
peroxidases.  Seel et al. (1992a) examined the effects of 
desiccation on superoxide dismutase (enzyme that 
destroys highly reactive superoxides by converting them 
into peroxide and O2) activity in Syntrichia ruralis var. 
arenicola (=Tortula ruraliformis; Figure 22), a 
desiccation-tolerant moss, and Dicranella palustris (Figure 
23), a flush moss with limited desiccation tolerance.  
Activity of this enzyme is known to enhance membrane 
integrity (Dhindsa & Matowe  1981; Dhindsa et al. 1981; 
Gong et al. 1997).  Syntrichia ruralis var. arenicola has 
higher superoxide dismutase activity in both the hydrated 
and desiccated states than does D. palustris (Seel et al. 
1992a).  But effects on the activities of peroxidase or 
ascorbic peroxidase do not seem to be related to hydration 
state.  Nevertheless, both species become depleted of the 
anti-oxidant ascorbic acid when desiccated.  From these 
experiments, Seel and coworkers deduced that anti-
oxidants may be more important than removal of 
chloroplastic peroxide in endowing desiccation tolerance.  
Using different methods, Seel and coworkers (1992b) 
found a greater lipid peroxidation in D. palustris than in S. 
ruralis var. arenicola following desiccation.  Calcium also 
seems to play a role by increasing superoxide dismutase 
activity, thus enhancing membrane integrity (Gong et al. 
1997).  
Proctor et al. (2007) used the endohydric moss 
Polytrichastrum formosum (Figure 30) to try to resolve 
conflicting implications between physiological and 
cytological evidence regarding desiccation recovery in 
bryophytes.  They found that protein synthesis inhibitors 
cause rapid decline of photosynthetic recovery in the light, 
but not in the dark.  Rapid recovery of respiration and 
photosynthesis indicates that systems are conserved intact 
during the dehydration and rehydration, an indication that 
is consistent with the physical evidence that thylakoids and 
cristae do remain intact during the dehydration-rehydration 
process.  Microbodies that are closely associated with 
chloroplasts remain unchanged during the dehydration-
rehydration process and play an important role in removal 
of the superoxide radicals (Duckett & Renzaglia 1988; 
Smirnoff 1993; Minibayeva & Beckett 2001; Mayaba et al. 
2002).  The prominence of these microbodies in leaves of 
Syntrichia ruralis (Figure 23) (Robertson 1991) and 
Polytrichastrum formosum may be associated with the 
desiccation tolerance of these two species (Proctor et al. 
2007). 
 
 
Figure 22.  Syntrichia ruralis var. arenicola, a desiccation-
tolerant moss.  Photo by Michael Lüth, with permission. 
 
Figure 23.  Dicranella palustris in flush near Swallow Falls, 
Wales.  This moss has limited desiccation tolerance.  Photo by 
Janice Glime. 
Glutathione 
Glutathione (GSH) is important in protecting plants 
from environmental stresses like oxidative stress and 
pathogens (Bruns et al. 2001; Burritt 2008).  More recent 
studies have used glutathione to measure drought stress.  
Activities of the enzymes glutathione reductase, 
glutathione peroxidase, and glutathione S-transferase 
increase during slow drying and likewise during 
rehydration following rapid drying of the drought-tolerant 
moss Syntrichia ruralis (Figure 22) (Dhindsa 1991). 
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On the other hand, the activity of the enzymes malate 
dehydrogenase exhibit little change during either 
dehydration or rehydration.  Treatment of the moss tissues 
with cycloheximide, actinomycin D, or cordycepin 
suppresses the increased activities of glutathione reductase 
and glutathione S-transferase, but has a much lower effect 
on glutathione peroxidase.  At the same time, the 
percentage of total glutathione as oxidized glutathione 
increases.  This increase is correlated positively with levels 
of lipid peroxidation and solute leakage, but is correlated 
negatively with the rate of protein synthesis.  The oxidized 
glutathione level serves as a good indicator of oxidation 
stress and suggests that oxidized glutathione may mediate 
the drought-stress-induced inhibition of protein synthesis. 
In addition to protection from oxidative damage, 
glutathione may help to protect the bryophyte cells from 
heavy metal damage following rehydration (Saxena & 
Saxena 2012).  Although it is likely that this benefit has not 
had any evolutionary selection advantage for very long, 
current pollution conditions often deposit heavy metals that 
accumulate while the bryophytes are dry.  These could gain 
entry into the cells along with the resorption of needed cell 
electrolytes during rehydration and before membrane 
repair is completed.  Bruns et al. (2001) have demonstrated 
a protective detoxification role of glutathione against 
heavy metals in the aquatic moss Fontinalis antipyretica 
(Figure 18), Leinenweber et al. (2009) in the terrestrial 
moss Thuidium sp. (Figure 24), and Saxena and Saxena 
(2012) in the moist forest moss Sphagnum squarrosum 
(Figure 25). 
 
 
Figure 24.  Thuidium tamariscinum, a species that is able to 
use glutathione as protection against heavy metals.  Photo by 
Michael Lüth, with permission. 
Pathogen Danger 
The damaging effects of oxides in the cells leads us to 
question the advantages that may have kept the oxidative 
burst in the bryophytes for eons.  This may be explained by 
their role in limiting pathogen invasion and damage. 
Cells with damaged membranes resulting from 
desiccation would be vulnerable to invasion by pathogenic 
microorganisms.  Such oxidative bursts as seen upon 
rehydration can help to limit the spread of invading 
pathogens because of oxidation toxicity, as well as 
inducing expression of defense-related genes.  Low and 
Merida (1996) considered the oxidative bursts in plants to 
facilitate cross-linking of cell wall proteins, induction of 
defense-related genes, stimulation of phytoalexin 
(substance produced by plant tissues in response to contact 
with a parasite and that specifically inhibits growth of that 
parasite) biosynthesis, and promotion of hypersensitive 
response (HR; mechanism to prevent spread of infection 
by microbial pathogens, causing rapid death of cells in 
local region surrounding infection).   
 
 
 
Figure 25.  Sphagnum squarrosum, a species that is able to 
use glutathione as protection against heavy metals.  Photo by J. C. 
Schou, with permission. 
Gupta (1977) reported the oxidative burst in 
bryophytes as an "artifact."  He found that Dicranella 
palustris (Figure 23; a wet-habitat moss) and Scapania 
undulata (Figure 26; an aquatic leafy liverwort) had a 
large number of microorganisms present following 
dehydration and rehydration.  This is a reasonable 
expectation when membranes are damaged and both 
electrolytes and organic compounds are able to leak from 
the cells, especially upon rewetting.  Furthermore, the 
respiratory oxygen uptake increased to about 6X that of 
controls of S. undulata, 2.5X for Dicranella palustris, and 
2X for Porella platyphylla (Figure 27) and Mnium 
hornum (Figure 28).  Little increase occurred in 
Syntrichia ruralis (Figure 22), the most desiccation-
tolerant species.  But it appears that the respiratory 
increases were due to the adhering microorganisms, not to 
the bryophytes.  Such respiratory increase could indicate 
injury to the bryophytes, but it cannot be a useful tool to 
measure survivorship or metabolic recovery of the 
bryophytes.  These microorganism growths indicate the 
potential importance of oxidative bursts that can help to 
protect the bryophyte cells from invasion from these 
potentially harmful organisms. 
Beckett et al. (2004) demonstrated that the liverwort 
Dumortiera hirsuta (Figure 29) produced extracellular 
superoxide at high rates even under normal, unstressed 
circumstances.  Nevertheless, production increased 
extensively during rehydration, but not during desiccation.  
It appears that peroxides produce the superoxide, but little 
H2O2 seems to be present in the cell.  However, indications are that the concentrations of peroxides are rapidly reduced 
by the liverwort.  Beckett and coworkers likewise 
suggested a role in protection against bacteria and fungi.  
Lehtonen et al. (2012) verified the importance of such 
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oxidative bursts in response to a fungal elicitor (chiton) in 
the moss Physcomitrella patens (Figure 14). 
 
 
 
Figure 26.  Scapania undulata, a species in which microbial 
respiration/oxygen uptake increases by a factor of 6 following 
rehydration.  Photo by Hermann Schachner, through Creative 
Commons. 
 
 
Figure 27.  Porella platyphylla, a desiccation-tolerant leafy 
liverwort on tree bark; a species in which microbial 
respiration/oxygen uptake increases by a factor of 2 following 
rehydration.  Photo by Michael Lüth, with permission. 
 
 
Figure 28.  Mnium hornum, a species in which microbial 
respiration/oxygen uptake increases by a factor of 2 following 
rehydration.  Photo by Des Callaghan, with permission. 
 
Figure 29.  Dumortiera hirsuta, a thallose liverwort that 
produces extracellular superoxide at high rates even under normal 
circumstances.  Photo by Michael Lüth, with permission. 
White and Torres (2010) suggested that endophytes in 
plants may protect the plants from oxidative damage by the 
production of antioxidants, thus possibly protecting them 
against other forms of stress, including desiccation.  It 
appears that this protective role of endophytes (fungi) has 
not been explored in bryophytes.   
Shoot Tips – Variable Tolerance within 
Plants 
Some moss shoot tips may have a rehydration 
potential not afforded the rest of the plant.  In 
Polytrichastrum formosum (Figure 30), desiccation in the 
shoot tips induces the rapid resorption of starch grains in 
plastids of the meristematic cells without any major 
thylakoid disorganization (Hallet et al. 1987).  In the adult 
leaves, however, the starch grains are preserved.  Upon 
rehydration, the plastid ultrastructure of the apex is entirely 
restored and new starch inclusions appear in less than 4 
hours.  Little work has been done to relate the resistance of 
various parts of the bryophyte plants to differences in 
biochemistry. 
 
 
Figure 30.  Polytrichastrum formosum, a moss where 
desiccation of the apices causes rapid resorption of starch grains 
in plastids of the apical meristematic cells.  Photo by Des 
Callaghan, with permission. 
The Genes 
While the physiologists are attempting to find 
substances that affect desiccation tolerance and recovery 
rates, the geneticists are attempting to identify genes and 
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the biochemical pathways they affect.  Chen and 
coworkers (2002), working with the desiccation-tolerant 
model system in Syntrichia ruralis (Figure 22), found a 
new polypeptide, known as ALDH21A1, that is less than 
30% identical to known ALDH proteins.  Data suggest that 
this new aldehyde dehydrogenase plays an important role 
in the detoxification of aldehydes generated in response to 
desiccation and may represent a unique stress tolerance 
mechanism among eukaryotes.  Could it be this aldehyde 
dehydrogenase, perhaps coupled with ABA, that explains 
why Hamerlynck and coworkers (2002) found Syntrichia 
ruralis to be homoiochlorous (maintaining constant 
chlorophyll concentration) in its response to desiccation?  
Growing in the sun endows these plants with a greater 
desiccation tolerance than that experienced by shade-
grown plants of the same species. 
To fit these pieces together requires a great deal of 
speculation because our knowledge is still too meager.  
However, let s look at what we know about these pieces 
and see if we can develop a hypothetical story (Figure 31).   
 
 
 
Figure 31.  Speculation on possible relationships of the 
observations that have been made on pre-desiccation events and 
related rehydration events in desiccation-tolerant bryophytes. 
 
 
 
 
 
 
  
Summary 
Membranes become leaky during desiccation.  Some 
mosses protect their membranes with sugars such as 
stachyose, glucose, erythritol, glycerol, and sucrose. 
ABA increases the stress tolerance of bryophytes and 
is known to turn on the promoters of stress tolerance 
genes.  Hence, it is important in controlling transcription.  
That is consistent with the conclusions of several authors 
who have determined that drought tolerance in bryophytes 
evokes control of gene transcription.  We also know that 
peroxidases destroy H2O2 (peroxide), which is harmful to plants.  We know that H2O2 is responsible for lipid damage of membranes and that lipid peroxidation and increased 
membrane permeability correlate with the decrease of 
superoxide dismutase (Dhindsa et al. 1981).  And we 
know that superoxide dismutase controls oxygen toxicity 
by converting the superoxide radical to less dangerous 
forms (Michael Potter of Andrew McCammon's group at 
the University of California, San Diego).  Since Syntrichia 
ruralis var. arenicola has a higher concentration of 
superoxide dismutase than the less desiccation-tolerant 
Dicranella palustris, we can then hypothesize that the 
superoxide dismutase is an important contributor to 
drought tolerance in bryophytes.  Perhaps it is one of the 
74 proteins produced in response to desiccation stress.  
Glutathione may help to protect the cells from excessive 
oxides, but it may have a more important role in protecting 
against pathogenic microorganisms while they are 
vulnerable with damaged membranes. 
Shoot tips seem able to survive better than other parts 
of some mosses, but we know nothing about any 
differences in their biochemistry.  New genetic studies are 
making it possible to learn more about the functions of 
various compounds in the cells.    
Acknowledgments 
 This chapter, in an early version, has benefitted from 
the help of Beth Scafone and Medora Burke-Scoll, who 
helped me tow the line in explaining things without leaving 
too much to one's imagination, but at the same time not 
repeating myself. 
 
Literature Cited 
 Alpert, P.  2000.  The discovery, scope, and puzzle of desiccation 
tolerance in plants.  Plant Ecol. 151: 5-17. 
Anderson, L. E.  1980.  Cytology and reproductive biology of 
mosses.  In:  Taylor, R. J. and Leviton, A. E.  (eds.).  The 
Mosses of North America.  Pacific Division AAAS, San 
Francisco, pp. 37-76. 
Beckett, R. P.  1999.  Partial dehydration and ABA induce 
tolerance to desiccation-induced ion leakage in the moss 
Atrichum androgynum.  S. Afr. J. Bot. 65(3): 212-217. 
Beckett, R. P. and Hoddinott, N.  1997.  Seasonal variations in 
tolerance to ion leakage following desiccation in the moss 
Atrichum androgynum from a KwaZulu-Natal Afromontane 
forest.  J. S. Afr. Bot. 63(5): 276-279. 
Beckett, R. P., Csintalan, Z., and Tuba, Z.  2000.  ABA treatment 
increases both the desiccation tolerance of photosynthesis, 
7-7-12  Chapter 7-7:  Water Relations:  Biochemical Adaptations to Drying 
and nonphotochemical quenching in the moss Atrichum 
undulatum.  Plant Ecol. 151: 65-71. 
Beckett, R. P., Minibayeva, F. V., Lüthje, S., and Böttger, M.  
2004.  Reactive oxygen species metabolism in desiccation-
stressed thalli of the liverwort Dumortiera hirsuta.  Physiol. 
Plant. 122: 3-10. 
Bewley, J. D.  1979.  Physiological aspects of desiccation 
tolerance.  Ann. Rev. Plant Physiol. 30: 195-238.   
Bruns, I., Sutter, K., Menge, S., Neumann, D., and Krauss, G. J.  
2001.  Cadmium lets increase the glutathione pool in 
bryophytes.  J. Plant Physiol. 158: 79-89.  
Burch, J. and Wilkinson, T.  2002.  Cryopreservation of 
protonemata of Ditrichum cornubicum (Paton) comparing 
the effectiveness of four cryoprotectant pretreatments.  Cryo-
letters 23(3): 197-208. 
Burritt, D. J.  2008.  Glutathione metabolism in bryophytes under 
abiotic stress. In:  Kahn, N. A., Singh, S., and Umar, S.  
Sulfur Assimilation and Abiotic Stress in Plants.  Springer, 
Berlin, Heidelberg, pp. 303-316. 
Carvalho, R. C. de, Catalá, M., Silva, J. M. da, Branquinho, C., 
and Barreno, E.  2012.  The impact of dehydration rate on 
the production and cellular location of reactive oxygen 
species in an aquatic moss.  Ann. Bot. 110: 1007-1016. 
Chen, X., Zeng, Q., and Wood, A. J.  2002.  The stress-
responsive Tortula ruralis gene ALDH21A 1 describes a 
novel eukaryotic aldehyde dehydrogenase protein family.  J. 
Plant Physiol. 159: 677-684. 
Coxson, D. S., McIntyre, D. D., and Vogel, H. J.  1992.  Pulse 
release of sugars and polyols from canopy bryophytes in 
tropical montane rain forest (Guadeloupe, French West 
Indies).  Biotropica 24(2a): 121-133. 
Cruz de Carvalho, R., Bernades da Silva, A., Soares, R., Almeida, 
A.M, Coelho, A.V., Marques da Silva, J., and Branquinho, 
C.  2014.  Differential proteomics of dehydration and 
rehydration in bryophytes:  Evidence towards a common 
desiccation tolerance mechanism.  Plant Cell Environ. 37: 
1499-1515. 
Cruz de Carvalho, R., Bernades da Silva, A., Branquinho, C., and 
Marques da Silva, J.  2015.  Influence of dehydration rate on 
cell sucrose and water relations parameters in an inducible 
desiccation tolerant aquatic bryophyte.  Environ. Exper. Bot. 
120: 18-22. 
Cuming, A. C., Cho, S. H., Kamisugi, Y., Graham, H., and 
Quatrano, R. S.  2007.  Microarray analysis of 
transcriptional responses to abscisic acid and osmotic, salt, 
and drought stress in the moss, Physcomitrella patens.  New 
Phytol. 176: 275-287. 
Dhindsa, R. S.  1991.  Drought stress, enzymes of glutathione 
metabolism, oxidation injury, and protein synthesis in 
Tortula ruralis.  Plant Physiol. 95: 648-651. 
Dhindsa, R. S. and Matowe, W.  1981.  Drought tolerance in two 
mosses:  Correlated with enzymatic defence against lipid 
peroxidation.  J. Exper. Bot. 32: 79-91. 
Dhindsa, R. S., Plumb-Dhindsa, P., and Thorpe, T. A.  1981.  
Leaf senescence:  Correlated with increased levels of 
membrane permeability and lipid peroxidation, and 
decreased levels of superoxide dismutase and catalase.  J. 
Exper. Bot. 32: 93-101. 
Duckett, J. G. and Ligrone, R.  2004.  There are many ways of 
making water-conducting cells but what about stomata?  
Field Bryol. 82: 32-33. 
Duckett, J. G. and Renzaglia, K. S.  1988.  Ultrastructure and 
development of plastids in bryophytes.  Adv. Bryol. 3: 33- 
93. 
Fisher, K. M.  2008.  Bayesian reconstruction of ancestral 
expression of the LEA gene families reveals propagule-
derived desiccation tolerance in resurrection plants.  Amer. 
J. Bot. 95: 506-515. 
Gong, M., Chen, S.-N., Song, Y.-Q., and Li, Z.-G.  1997.  Effect 
of calcium and calmodulin on intrinsic heat tolerance in 
relation to antioxidant systems in maize seedlings.  Austral. 
J. Plant Physiol. 23: 371-379. 
Gupta, R. K.  1977.  An artefact in studies of the responses of 
respiration of bryophytes to desiccation.  Can. J. Bot. 55: 
1195-1200. 
Guschina, I. A., Harwood, J. L., Smith, M., and Beckett, R. P.  
2002.  Abscisic acid modifies the changes in lipids brought 
about by water stress in the moss Atrichum androgynum.  
New Phytol. 156: 255-264. 
Hallet, J. N., Mansour, K. S., and Lecocq, F. M.  1987.  Evolution 
de la structure plastidiale et des reserves polysaccharidiques 
au cours de la deshydratation des gametophytes feuilles du 
Polytrichum formosum Hedw. (Polytrichales).  J. Bryol. 14: 
765-777. 
Hamerlynck, E. I., Csintalan, Z., Nagy, Z., Tuba, Z., Goodin, D, 
and Henebry, G. I.  2002.  Ecophysiological consequences of 
contrasting microenvironments on the desiccation tolerant 
moss Tortula ruralis.  Oecologia 131: 498-505. 
Hartung, W.  2010.  The evolution of abscisic acid (ABA) and 
ABA function in lower plants, fungi and lichen.  Funct. Plant 
Biol. 37: 806-812.  
Hartung, W., Weiler, E. W., and Volk, O. H.  1987.  
Immunochemical evidence that abscisic acid is produced by 
several species of Anthocerotae and Marchantiales.  
Bryologist 90: 393-400. 
Hartung, W., Hellwege, E. M., and Volk, O. H.  1994.  The 
function of abscisic acid in bryophytes.  J. Hattori Bot. Lab. 
76: 59-65. 
Hellwege, E. M., Volk, O. H., and Hartung, W.  1992.  A 
physiological role of abscisic acid in the liverwort Riccia 
fluitans.  J. Plant Physiol. 140: 553-556. 
Hirata, T., Ashida, Y., Mori, H., Yoshinaga, D., and Goad, L. J.  
2000.  A 37-kDa peroxidase secreted from liverworts in 
response to chemical stress.  Phytochemistry 55: 197-202.  
Kranner, I., Beckett, R. P., Wornik, S., Zorn, M., and Pfeifhofer, 
H. W.  2002.  Revival of a resurrection plant correlates with 
its antioxidant status.  Plant J. 31: 13-24. 
Kranner, I., Beckett, R., Hochman, A., and Nash, T. H. III.  2008.  
Desiccation-tolerance in lichens:  A review.  Bryologist 111: 
576-593. 
Lehtonen, M. T., Akita, M., Frank, W., Reski, R., and Valkonen, 
J. P.  2012.  Involvement of a class III peroxidase and the 
mitochondrial protein TSPO in oxidative burst upon 
treatment of moss plants with a fungal elicitor.  Molec. 
Plant-Microbe Interac. 25: 363-371. 
Leinenweber, G., Stegen, S., and Diaz-Palma, P.  2009.  Increase 
of total glutathione as a response to Cd induced stress in a 
Chilean endemic bryophytes (Thuidium sp.).  J. Chilean 
Chem. Soc. 54: 401-404. 
Low, P. S. and Merida, J. R.  1996.  The oxidative burst in plant 
defense: function and signal transduction.  Physiol. 
Plant. 96: 533-542. 
Mayaba, N., Beckett, R. P., Csintalan, Z., and Tuba, Z.  2001.  
ABA increases the desiccation tolerance of photosynthesis in 
the Afromontane understorey moss Atrichum androgynum.  
Ann. Bot. 88: 1093-1100. 
Mayaba, N., Minibayeva, F., and Beckett, R. P.  2002.  An 
oxidative burst of hydrogen peroxide during rehydration 
 Chapter 7-7:  Water Relations:  Biochemical Adaptations to Drying 7-7-13 
following desiccation in the moss Atrichum androgynum.  
New Phytol. 155: 275-283. 
Minibayeva, F. and Beckett, R. P.  2001.  High rates of 
extracellular superoxide production in bryophytes and 
lichens, and an oxidative burst in response to rehydration 
following desiccation.  New Phytol. 152: 333-341. 
Minibayeva, F. V., Kolesnikov, O. P., Gordon, L. K.  1998.  
Contribution of a plasma membrane redox system to the 
superoxide production by wheat roots.  Protoplasma 205: 
101-106. 
Pence, V. C.  1998.  Cryopreservation of bryophytes: the effects 
of abscisic acid and encapsulation dehydration.  Bryologist 
101: 278-281. 
Proctor, M. C. F.  1990.  The physiological basis of bryophyte 
production.  International Symposium on Bryophyte 
Ecology, Edinburgh, UK. 
Proctor, M. C., Ligrone, R., and Duckett, J. G.  2007.  
Desiccation tolerance in the moss Polytrichum formosum: 
Physiological and fine-structural changes during desiccation 
and recovery.  Ann. Bot. 99: 75-93.  
Robertson, E. J.  1991.  A cytological study of the Musci.  Ph.D. 
Dissertation.  University of London.  
Robinson, S. A., Wasley, J., Popp, M., and Lovelock, C. E.  2000.  
Desiccation tolerance of three moss species from continental 
Antarctica.  Austral. J. Plant Physiol. 27: 379-388. 
Saxena, A. and Saxena, A.  2012.  Bioaccumulation and 
glutathione-mediated detoxification of copper and cadmium 
in Sphagnum squarrosum Crome Samml.  Environ. Monitor. 
Assess. 184: 4097-4103. 
Schwabe, W. W.  1990.  Lunularic acid in growth and dormancy 
of liverworts.  In:  Chopra, R. N. and Bhatla, S. C. (eds.). 
Bryophyte Development:  Physiology and Biochemistry, 
CRC Press, Ann Arbor, pp. 245-257. 
Seel, W. E., Hendry, G. A. F., and Lee, J. A.  1992a.  Effects of 
desiccation on some activated oxygen processing enzymes 
and anti-oxidants in mosses.  J. Exper. Bot. 43: 1031-1037. 
Seel, W. E., Hendry, G. A. F., and Lee, J. A.  1992b.  The 
combined effects of desiccation and irradiance on mosses 
from xeric and hydric habitats.  J. Exper. Bot. 43: 1023-
1030. 
Shiono, T., Nakata, M., and Satoh, T.  2000.  Superoxide 
dismutases in bryophytes and considerations of their 
evolution for adaptation to the land environment:  A review.  
Bryol. Res. 7: 317-322 
Smirnoff, N.  1993.  The role of active oxygen in the response of 
plants to water deficit and desiccation.  New Phytol. 125: 27-
58. 
Takezawa, D., Komatsu, K., and Sakata, Y.  2011.  ABA in 
bryophytes: how a universal growth regulator in life became 
a plant hormone?  J. Plant Res. 124: 437-453. 
Wang, X. Q., Yang, P. F., Liu, Z., Liu, W. Z., Hu, Y., Chen, H., 
Kuang, T. Y., Pei, Z. M., Shen, S. H., and He, Y. K.  2009. 
 Exploring the mechanism of Physcomitrella patens 
desiccation tolerance through a proteomic strategy.  Plant 
Physiol. 149: 1739-1750. 
Werner, O., Ros Espín, R. M., Bopp, M., and Atzorn, R.  1991.  
Abscisic-acid-induced drought tolerance in Funaria 
hygrometrica Hedw.  Planta 186: 99-103. 
White, J. F. and Torres, M. S.  2010.  Is plant endophyte-
mediated defensive mutualism the result of oxidative stress 
protection?  Physiol. Plant.138: 440-446. 
 
7-7-14  Chapter 7-7:  Water Relations:  Biochemical Adaptations to Drying 
 
